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TABLE OF CONTENTS
Page
I. INTRODUCTION................................................1
II. MATERIALS AND METHODS..................................... 10
A. Materials..............................................10
1. Bacteriological................................... 10
2. Chemical.......................................... 10
B. Methods................................................10
1. Preparations...................................... 10
a. ATCase Purification...........................10
b. Membrane Vesicles.............................11
c. *C-Labe11ng of ATCase........................12
d. Preparation of [3H]NADH and [^C]NADH........12
1. Preparation of rN1cot1nam1de-4-3HlNADH...13
11. Preparation of [^C]NADH................. 13
e. Purification of Enzymatically Reduced
Nucleotides................................... 13
2. Assays............................................ 14
a. ATCase Assay.................................. 14
b. Protein Determination.........................17
C. Analytical Methods...................................17
1. Polyacrylamide Slab Gel Electrophoresis..........17
2. Scintillation Counting...........   17
3. Ultraviolet-Visible Spectroscopy................. 17
4. Thin Layer Chromatography.........................17
v1
Page
III. RESULTS................................................... 19
A. Characterization of Vesicles..........................19
1. Do the Vesicles Inactivate ATCase?............... 19
2. Is Inactivation Dependent On the Concentration
of Vesicles?...................................... 19
3. Is Inactivation Dependent On the Concentration
of ATCase?........................................ 20
B. Chemical Reactions of NADH In Solution............... 24
1. Does NADH Form A Product Absorbing At 290 nM
1n the Presence of 100 mM Phosphate?.............. 24
2. Does Acidification of Solution With Trichloro­
acetic Acid (TCA) Cause Formation of a 290 nm 
Absorbing Adduct?.................................25
3. Does the Presence of Proteins Catalyze or 
Inhibit the Formation of NADH Adducts Absorbing
At 290 nm?........................................ 26
4. Is the Rate of Formation of the 290 nm Absorbing 
Species Affected By Azide Either In the Presence
Or Absence of ATCase?.............................26
5. What Is the Effect of Vesicles On Chromophore
Formation?........................................ 27
6. Can the Vesicles Mediate the Formation of a
Modified Species of NADH In the Absence of Phos­
phate Ion?........................................ 30
7. Are the Products of the NADH Modification 
Reaction Cleaved In the Presence Or the
Absence of Vesicles?..............................31
C. Does NADH Or a Modified Species of NADH Bind Tightly
To Proteins?.......................................... 32
1. Do Modified Species of NADH Become Attached To
ATCase In the Presence of Vesicles?...............33
2. Do Modified Species of NADH Become Attached To
ATCase In the Absence of Vesicles?................ 36 3
3. Does Dialysis Remove the Chromophore From
Modified ATCase?..................................39
vii
v111 
Page
4. Can the Chromophore Be Removed By Dialysis
Against 6 M Guanidine Hydrochloride (GuHCI)?.... 42
5. Do Modified Species of NADH Bind To Proteins
Other Than ATCase?................................ 43
6. What Is the Effect of NADH Concentration On the
Formation of the ATCase-1Inked Chromophore?......46
7. Can Chromophore Be Removed By Dialyzing For
Extended Periods of Time?.........................46
8. Is the Chromophore Removed More Readily By
Dialysis Against Solutions Containing Organic 
Solvents Or High Salt?............................48
9. Do NADH Molecules With Unmodified Nicotinamide
Rings Bind To ATCase?............................. 50
10. Is the Nicotinamide Ring of NADH Bound To the
Protein?.......................................... 51
a. Binding of C4-N1cot1nam1de-3HlNADH........... 52
b. Binding of ru-14C-aden1nelNADH............... 53
IV. DISCUSSION.................................................54
A. What Is the Nature of the Modified Species of NADH
Formed In Typical Inactivation Protocols?............ 54
B. What Is the Effect of Vesicles On the Formation of
290 nm-Absorbing Adducts of NADH?.................... 54
C. Do the Vesicles Catalyze Cleavage and/or Attach­
ment of Adducts of NADH To ATCase?................... 55
D. The Properties of Chromophore Attached To ATCase.... 56
E. The Physiological Significant of These Phenomena.... 59
F. Suggestions For Additional Experiments............... 60
V. LIST OF REFERENCES........................................ 62
1I. INTRODUCTION
The regulation of metabolic activity In microorganisms takes several 
forms, among them allosteric regulation, covalent modification, control 
of synthesis, and control by inactivation. Allosteric regulation Involves 
modification of an enzyme's activity by the non-covalent binding of an 
inhibitory or activating molecule at some site removed from the catalytic 
site. £. coll aspartate transcarbanylase Is one such allosteric enzyme 
and 1s inhibited by CTP, the end product of the pyrimidine biosynthetic 
pathway (Jacobsen and Stark, 1973). ATP is a positive modulator of this 
enzyme. Both allosteric effectors bind at a regulatory subunit, which 
1s distinct from the catalytic subunit.
Some enzymes are regulated by the reversible covalent binding of small 
molecules. Such enzymes are either activated or Inactivated by the binding 
or release of the small molecule. The binding and release of the small 
molecules 1s itself under enzymatic control. _E. col 1 glutamine synthetase 
1s Inactivated by transfer of an adenylyl moiety from ATP to a specific 
tyrosine residue 1n each of the twelve subunits of the enzyme (Stadtman 
and Glnsburg, 1974). This process causes loss of activity, although the 
enzyme can be enzymatically deadenylylated with a concommitant restoration 
of activity. The adenylylatlon and deadenylylatlon reactions are catalyzed 
by enzymes which are themselves subject to allosteric control.
Selective Inactivation 1s a means by which some enzymes control 
their metabolic activity. The glutamate dehydrogenase of yeast has been 
shown to be phosphorylated and subsequently degraded in a process con­
stituting the major mode of control of that enzyme's activity (Hemmlngs, 1980).
2Bacillus subtil is aspartate transcarbamylase, which catalyzes the first 
committed step of de novo pyrimidine biosynthesis, lacks the regulatory 
subunits of the corresponding E. coli enzyme (Brabson and Switzer, 1975).
It has been shown that J3. subtills ATCase activity is controlled by the 
selective inactivation of the enzyme (Deutscher and Kornberg, 1968; Waindle 
and Switzer, 1973) as well as by the control of synthesis of the enzyme 
(Maurizi and Switzer, 1978).
Inactivation of ATCase occurs just prior to the onset of sporulation 
in B. subtil is, and proceeds under conditions of carbon or nitrogen 
starvation. The inactivation has been shown to require metabolic energy, 
as judged by blockage of the inactivation by inhibitors of the TCA cycle, 
electron transport, or oxidative phosphorylation pathways. The inactivation 
is not due to the excretion of ATCase from the cell into the surrounding 
fluid and will not proceed in whole cell extracts or in toluenized cells, 
suggesting that an intact membrane is critical to the inactivation. Known 
intracellular proteases of ). subti11 us are thought not to be involved 
in the inactivation, because protease-deficient strains (Hageman and Carlton, 
1973) inactivate ATCase normally (Waindle and Switzer, 1973). However, 
studies with antibodies have shown that the loss of ATCase activity jn vivo 
is closely paralleled by loss of immunochemically cross-reactive material 
(Maurizi et a1_., 1978). It was additionally shown that ATCase synthesis 
is shut off at the onset of carbon or nitrogen starvation, so that synthesis 
and inactivation do not proceed simultaneously (Maurizi and Switzer, 1978). 
However, it now appears that under some conditions of nitrogen nutrition, 
synthesis and degradation do occur simultaneously (unpublished experiments, 
Bond et al., this laboratory).
3The loss of immunochemically cross-reactive material parallel 
with the loss of enzyme activity suggests that degradation of the enzyme 
must either closely follow the inactivation, or must itself account for 
the inactivation. This, in turn, raises the possibility of specific 
proteolysis as a cause of the inactivation and degradation of ATCase.
Such highly specific proteolysis could be the result of alterations in 
the protein's three dimensional structure, or may occur in response to 
interaction of the enzyme with small molecules.
The demonstration by Waindle that neither cell extracts nor toluenized 
cells were able to inactivate the enzyme suggested that an intact cell 
membrane is critical to the inactivation. To test this suggestion, 
membrane vesicles were prepared from B. subtil is cells that had been 
harvested at the end of logarithmic growth and tested in an in vitro In­
activation protocol (Flom, 1981). In the presence of these vesicles, 
reduced pyridine nucleotides (NADH or NADPH) and molecular oxygen, at 
near neutral pH in phosphate buffers, inactivation of ATCase could be seen. 
The rate of inactivation was enhanced by the addition of azide (Flom,
1981).
Flom's results in vitro suggested that the inactivation of ATCase 
was the result of an oxidation. He was able to show that, in the presence 
of vesicles and molecular oxygen, NAOH in aqueous medium is oxidized to 
form NAO and hydrogen peroxide (H20g). It was further shown in a 
system containing no vesicles, that ATCase is inactivated in the presence 
of NADH and HgOp. This inactivation is probably due to the oxidation of 
histidine residues (Flom, 1981). This inactivation process was not 
specific for ATCase and did not require vesicles except for the generation 
of hydrogen peroxide.
4Physical characterization of the enzyme recovered from the above 
systems uncovered an interesting phenomenon (Flom, 1981). ATCase that 
had been inactivated in this procedure showed a marked increase in 
absorbance at 280 to 290 nm, when a difference spectrum against an equal 
concentration of ATCase incubated in the presence of NAD+ was determined. 
However, this chromophore was also generated in a control which lacked 
molecular oxygen and in which ATCase was not inactivated. The chromophore 
is interesting because 1t Indicates a possible modification of the protein, 
which could conceivably play a role (either by covalent modulation or by 
marking 1t for proteolytic Inactivation) in the control of the activity 
of the enzyme. In order for the enzyme to display such an altered 
absorption It 1s necessary that some of Its aromatic amino acid residues 
have undergone extensive alterations In their local environments, that 
some ultraviolet (U.V.)-absorb1ng small molecules have become associated 
with the protein, or that both effects have occurred. The studies of 
Flom (1981) did not resolve these possibilities. Flom suggested that the 
formation of the chromophore was the result of a vesicle-catalyzed reaction 
between NADH and ATCase, and that this modification might be important 
in the In vivo regulation of ATCase degradation.
Since work by Maurizl et a K  (1978) had shown that ATCase 1s extensively 
degraded In vivo coincidentally with the Inactivation of the enzyme, the 
possibility that the observed modifications might make the protein more 
susceptible to proteases was an Important one. Studies on the protease 
susceptibility of the modified enzyme were undertaken (Flom, 1981). The 
results did not show a heightened susceptibility to known proteases 
(except trypsin, which was somewhat more effective 1n digesting the modified 
protein). Throughout this time the nature of the modification causing 
the appearance of a chromophore In ATCase after Incubation with NADH and
5membrane vesicles remained unidentified.
This report involves attempts to characterize this modified species 
of ATCase. We have attempted to identify the nature of this modification, 
as well as the conditions under which it will occur. From the standpoint 
of the extended research objectives of this laboratory, the major purpose 
of this investigation was to characterize the modification sufficiently 
that Its possible physiological significance could be better ascertained.
Several studies in the literature dealing with the chemistry of NADH 
were especially relevant to this project. These studies dealt with the 
formation of adducts of NADH which were characterized by a loss of 340 nm 
absorbance with a concomittant increase in absorbance in the 280 to 290 nm 
region. Early work by Warburg (1935) and Haas (1936) showed that NADH 
1s unstable at acidic pH. Addition of strong acid was observed to cause 
a loss of 340 nm absorbance with concurrent gain in 290 nm absorbance.
The modification product of this reaction became known as the "primary 
acid product" of NADH. Later work by Rafter, Chaykln and Krebs (1954) 
showed that glyceraldehyde-3-phosphate dehydrogenase catalyzed a reaction 
of NADH which gave a product with absorbance loss at 340 nm and a new 
peak at 290 nm. This reaction occurred at neutral pH (below pH 8.0) 
and was significantly stimulated by the presence of orthophosphate. The 
product formed 1n this reaction was shown to differ from the "primary 
acid product" and was named NADH-X. Additional studies by Anderson (1965) 
and Johnson (1963) on 1-benzyl-1, 4-d1hydro-n1cotina«iide and NADH, 
respectively, showed that at neutral pH In the presence of orthophosphate 
alone, reaction to form a species that absorbed light at 290 nm took 
place. Work by Stock et a K  (1961) characterized the product occurring 
in neutral phosphate solutions as NADH-X. Several Important differences
6exist between the "primary acid product" and NADH-X. The "primary acid 
product" is known to slowly lose its 290 nm absorbance, and this loss 
is accelerated below a pH of two. NADH-X is not reported as losing 290 
nm absorbance with time. However, under some conditions it may be con­
verted to the primary acid product, which can bleach at 290 nm. Meinhart, 
Chaykin and Krebs (1956) have shown that in the presence of ATP, Mg , 
and a protein fraction from yeast, NADH-X undergoes an Irreversible 
reaction to form B-NADH. This reaction 1s the reverse of the glyceraldehyde- 
3-phosphate dehydrogenase catalyzed formation of NADH-X from B-NADH, 
which is also Irreversible. The "primary acid product" will not undergo 
the reaction utilizing the protein fraction from yeast. Additionally,
NADH-X retains some of the Inherent ability of B-NADH to support the growth 
of Hemophilus parainfluenza, while the primary acid product cannot support 
the growth of that organism (Bachur and Kaplan, 1955). It has been re­
ported by Meinhart, Chaykin and Krebs (1956) that, although NADH-X 1s 
normally converted to the primary acid product only at a pH of four or 
less, some acid product 1s formed even at a pH of 6.0 over longer periods 
of Incubation at 25°C.
Oppenheimer and Kaplan (1974) succeeded 1n defining the structure 
of the "primary acid product", as well as that of NADH-X, with the aid 
of 220 MHz proton magnetic resonance studies. They found that NADH-X 
results from hydration of the 5<6 double bond of the nicotinamide ring 
of NADH, forming B-6-hydroxy-l,4,5,6-tetrahydronicotinamlde adenine di­
nucleotide (Figure 1). The "primary acid product" 1s the result of an
2'
Internal reaction of the NADH-X structure to form ot-0 -66-cyclotetrahydro- 
nlcotlnamlde adenine dinucleotide (cTHN)AD (Figure 1). These structures 
were verified using circular dlchrolsm studies (Oppenheimer and Kaplan, 1974).
7Figure 1. Structures of the n1cot1nam1de-ribose moieties of:
1. NAD+
2. NAOH
3. NADH-X[(6HTN)AD]*
4. The "Primary Acid Product of NADH" [(cTHN)AD]*
★
Oppenhelmer and Kaplan, 1974
I0H QHOH OH
*HNOO
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9Additional reports 1n the literature have speculated on mechanism 
and given kinetic data for the above reactions (AHvIsatos et al_., 1965). 
Some Intermediates and possible additional adducts have been observed 
using high performance liquid chromatography (HPLC) and thin layer 
chromatography (TLC) techniques and have been tentatively Identified 
(Margolls et al_., 1978). It appears that there may be as many as ten 
Intermediates or products of differing composition (Bernofsky, 1978).
The results reported 1n the literature made 1t clear that a system 
containing both phosphate and NAOH at neutral pH could be expected to 
form the modified species, NADH-X. However, the development of such a 
species 1n the solutions used by Flom In h1s studies (100 mM NaP1, pH 6.6, 
20 mM NAOH) had not been Investigated by him. Furthermore, the results 
of Flom suggested that the 290 nm absorbing moiety was tightly bound to 
the ATCase. This could mean that the modified species of NAOH were bind­
ing to the protein, and serving as marking sites for specific proteolysis 
of the enzyme. If this were the case, one might expect an enzyme-catalyzed 
binding of NADH-X to ATCase, perhaps mediated by a membrane-bound protein 
In the vesicle system. Much of the work which follows involves study 
of the chemistry of modified NADH compounds, and attempts to understand 
the significance of these products, 1f any, to the 1n vitro inactivation 
systems, as well as their possible significance to the ^n vivo regulation 
of ATCase.
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II. MATERIALS AND METHODS
A. Materials
1. Bacteriological
All procedures for preparation of B. subtil is membrane vesicles 
used either strain LC 168 I", a B. subtil is tryptophan auxotroph, which 
was a gift from L. Leon Campbell, or a protease-deficient strain, S-87, 
which was obtained from J. H. Hageman (Hageman and Carlton, 1973).
ATCase was prepared from a uracil auxotroph derived from strain 
LC 168 I". ATCase synthesis was derepressed during growth by starving 
the cells for uracil. The cells were harvested after the end of 
logarithmic growth and during starvation for uracil (Brabson and Switzer, 
1975).
2. Chemical
All chemicals used were reagent grade. NAD* and NADH, purchased 
from Sigma, were Sigma grade III. Yeast alcohol dehydrogenase was from 
Sigma, 338 un1ts/mg of protein. [NlcojMnamlde-4- H]n1cotinamide adenine 
dinucleotide (250 yC1) and faden1ne-U- Clnicotlnamide adenine dinucleo­
tide (10 yC1) were a gift from Amersham-Searle. f^C]Formaldehyde was 
purchased from New England Nuclear.
B. Methods
1. Preparations
a. ATCase Purification
ATCase was purified according to the method of Brabson and 
Switzer (1975) as modified by Maurizl (1978) and Flom (1981), starting 
with 1200-1500 g of frozen cell paste. All subsequent procedures were
11
performed with the equipment and methods reported by Flom. 
b. Membrane Vesicles
Membrane vesicles were prepared as described by Flom (1981) 
with minor modifications. 25 g of S-87 or LC 168 I' cell paste was 
thawed and washed twice at 4°C with two one liter volumes of 10 mM Tris- 
Cl, pH 7.8. The cells were then suspended in 2 L of 50 mM Tris-Cl, 
pH 7.8, containing 200 mM tripotassium citrate at 37°C. Lysozyme was 
added to a concentration of 0.5 mg/mL. This suspension was maintained at 
37°C while shaking at a setting of 3-4 120 rpm) on a New Brunswick
shaking water bath until most of the rod-like forms of the bacteria 
had been converted to protoplasts, as observed with a phase contrast 
microscope. This conversion was not Immediately visible, but protoplasts 
were visible after 30 m1n, and within 1 h few rods remained.
All subsequent steps were performed at 4°C to minimize damage to 
membrane-bound proteins. Protoplasts were harvested by centrifugation 
at 25,000 x 2  for 30 min followed by homogenization of the slimy pellet 
in 20 ml of 50 mM Tris-Cl, pH 7.8. DNase, RNase, and MgSO. were then 
added to final concentrations of 0.1 mg/mL, 0.1 mg/mL and 20 mM each.
The protoplasts were then ruptured by sonication with a Branson sonlcator. 
The microtip of the sonlcator was placed in the suspension, which was 
cooled 1n an ice bath. Three 15 second bursts were alternated with cooling 
periods of 1 min. After the addition of more MgSO- and EDTA (final 
concentrations 35 mM and 10 mM, respectively) three more 15 second 
bursts of sonication (alternated with cooling) were made. This suspension 
was centrifuged for 30 min at 45,000 x g, and the pellet containing 
vesicles, cells and protoplasts was homogenized 1n 15 mL of 100 mM NaPi, 
pH 6.6, 10 mM EDTA using a Potter-Elvehjem apparatus. This preparation 
was centrifuged for 30 min at 800 x g to remove whole cells and protoplasts.
12
The supernatant was saved and centrifuged at 45,000 x £ for 30 min to 
precipitate the vesicles. The vesicles were washed once more in EDTA- 
containing buffer, and three times in 100 mM NaPi, pH r. 6. Vesicles 
were stored in this buffer at a concentration of 12 mg/ml of membrane
protein (as estimated by Lowry determination) in liquid nitrogen.
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c. C-Labelinq of ATCase
ATCase was labeled by reductive methylation (Maurizi, 1978, 
and Flom, 1981) using sodium cyanoborohydride (NaCNBH.) according to the 
procedures developed by Jentoft and Dearborn (1979). Sodium cyanoboro­
hydride is desirable as a reducing agent because it reduces only Schiff 
bases, so that side reactions with free aldehydes, particularly [ ^el- 
formaldehyde, can be avoided. This procedure effectively methylates the 
a-amino terminus of the protein as well as e-am1no groups of lysine residues. 
The procedure is quite gentle, and the ATCase retained 90-95% of its 
native activity even when no protection of the active site was included 
in the protocol. The labeling reaction was carried out on Ice. 75 
mL of 0.04 M [^C]formaldehyde was added to 15 mg of ATCase 1n 3 ml,
100 mM KPi, pH 6.6. To this was added 150 pL of 0.2 M NaCNBH. dissolved 
1n water to bring the final NaCNBH. concentration to 10 mM. The reaction 
was allowed to proceed for 45 m1n and stopped with the addition of 150 pL 
of 1 M Tris-Cl, pH 8.0. Unreacted [ *C]forma1dehyde, NaCNBH^ and Tris 
were removed by dialysis versus 600 mL of 100 mM KPi, pH 6.6, with 
three changes over 24 h.
d. Preparation of [3H]NADH and [^ClNADH
[Nicot1namide-4-3H]NADH and fadenine-U-^ClNADH were prepared 
enzymatically from [n1cotlnam1de-4-3H]NAD* and [adenine-U-^C]NAD+ 
according to a procedure modified from Rafter and Colowick (1957) id 
Flom (1981).
13
o
i. Preparation of [Nicotinamide-4- HJNADH 
-------—
[ H]NA0 (50 uCi) was added to 24.1 pmoles of nonradio- 
active carrier NAD+ in 2.5 mL of glycine-NaOH, pH 10.0 containing 0.01 M 
semicarbazide. To this was added 0.2 mg yeast alcohol dehydrogenase (ADD) 
(Sigma, 338 units/mg) and 138 pL of absolute ethanol (0.9 M final concentra­
tion) to Initiate the reaction. The reaction was run for 40 min with 
appropriate dilutions being measured for change in absorbance at 340 nm. 
After 40 min the absorbance at 340 nm indicated that 85% of the [^H]NAD+ 
had been converted to [ H]NADH. No further change in 340 nm absorbance 
was seen on longer incubation, indicating that the reaction had reached 
equilibrium.
ii. Preparation of [ 4ClNADH
[Adenine-U-^C]NAD+ was added to 12 pmoles of nonradio- 
active carrier NAD+ in 1.50 mL of glyc1ne-NaOH„ pH 10.0, containing 0.01 M 
semicarbazide. To this 0.1 mg of yeast AOH and 0.093 mL (0.9 M final 
concentration) of ethanol were added to start the reaction. The reaction 
proceeded to equilibrium in 40 min with conversion of 86% of the nucleo­
tide to [14C]NADH.
e. Purification of Enzymatically Reduced Nucleotides 
The following ion exchange procedure was developed to 
purify the labeled NADH away from unreacted NAD+, ADH, semicarbazides, 
and semicarbazones generated in the removal of acetaldehyde from solution. 
The reaction mixture was loaded onto a diethylamlnoethyl -(0EAE) Sephadex 
A-25 column (50 mL, 13 cm x 2.5 cm) equilibrated with trlethylamine bi­
carbonate (TEAB), pH 9.0. Up to 50 pinoles of nucleotide was separable 
using the following step elution: 100 mL 50 mM TEAB, pH 9.0; 200 mL 100
mM TEAB, pH 9.0; 200 mL 300 mM TEAB, pH 9.0. The column was eluted at 4°C,
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using a 50 cm pressure head at a flow rate of 0.5 mL/min. Fractions of 180 
drops each (about 4.8 mL) were collected on a Gilson fraction collector. 
Nucleotides and small molecules were detected and identified by their 
absorbances at 230, 260 and 340 nm. A small aliquot of each fraction 
was counted in a scintillation counter, giving a radioactivity profile 
to confirm the presence of labeled nucleotides in the peak fractions 
(see Figure 2). Appropriate fractions were pooled, and the specific 
radioactivity of the purified NADH was determined from scintillation 
counting and absorbance at 340 rim.
The pooled fractions were reduced to a volume of about 15 ml in vacuo 
1n a 500 mL round bottom flask on a rotary evaporator. An equimolar 
amount of sodium formate was added (to provide a counter-ion for NA0H), 
and the mixture was lyophllized overnight. The lyophillzed material was 
dissolved in 4 mL of distilled water and lyophllized again in a 40 mL 
conical flask. This material was judged to be 95% pure on the basis of 
Its absorbance at 260 and 340 nm and was shown to be capable of undergoing 
the reactions under study 1n the fashion characteristic of NADH purchased 
from Sigma.
2. Assays
a. ATCase Assay
The ATCase assay used 1s the modified procedures of Yates 
and Fardee (1957) and Neumann and Jones (1964) as developed by Brabson 
(1975). However, the reaction of the enzyme to develop the carbantyl 
aspartate was inadvertantly performed utilizing Tris-Cl rather than 
Tris-Ac buffer as specified by Brabson (1975). The specific activities 
obtained are, therefore, 60% of the values that would be obtained utilizing 
Tris-Ac (Brabson, 1975). All reactions were stopped with 1.0 mL of 
concentrated perchloric acid. The blank utilized was one in which all
Figure 2. Column Profile for [ C]NAOH Purification by TEAB Step Eluti
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substrates were added, perchloric acid was added to prevent the reaction 
from proceeding, and ATCase was added last. For determination of the 
carbaiqyl aspartate developed, the colorimetric assay of Prescott and Jones 
(1969) was used.
b. Protein Determination
The protein content of vesicles was determined by Lowry assay 
(Lowry et al., 1951). Samples (10 to 60 yL) of undiluted suspensions 
and 1:10 dilutions were assayed. A standard curve was constructed from 
bovine serum albumin (BSA) standards containing from 10 to 80 ug of pro­
tein.
C. Analytical Methods
1. Polyacrylamide Slab Gel Electrophoresis
ATCase ourlty was determined by use of Laemmll gradient poly­
acrylamide slab gels (Laeinnll, 1970). Samples were boiled for 5 min 
1n a solution of 0.104 M THs-Cl containing 3.33* SDS (w/v), 16.66* 
glycerol (w/v) and 8.33* B-mercaptoethanol (BME) (w/v) before loading 
to assure subunit dissociation.
2. Scintillation Counting
Scintillation counting was performed with either a Beckman LS-23Q 
or Beckman LS-7000 scintillation counter. The scintillation fluid was 0.4* 
d1phenyloxazole (PPO) in xylene/Trlton X-114, 3:1 (v/v).
3. Ultraviolet-Visible Spectroscopy
All U.V.-visible spectroscopy was done on a Beckman Acta C III 
recording spectrophotometer using quartz cells.
4. Thin Laver Chromatography
Thin layer chromatography was used to Identify nucleotides from 
reaction mixtures. This system utilized Merck 20 x 20 F-254 silica gel
18
plates developed in a solvent consisting of 1 M ammonium acetate, pH 7, 
and ethanol 3:7 (v/v). Nucleotides were identified by quenching of 
fluorescence under a U.V. lamp.
I I I .  RESULTS
A. Characterization of Vesicles
An Important step in the effort to study modified protein displaying 
a chromophore such as that described by Flom (1981) was the preparation 
of an in vitro vesicle inactivation system which followed his procedures 
and reproduced his observations. Vesicles were prepared according to 
procedures outlined in Materials and Methods and characterized as 
follows.
1. Do the Vesicles Inactivate ATCase?
To test the ability of the vesicles to inactivate ATCase, the 
following Inactivation protocol was used. The mixture contained the 
following components 1n 2.0 mL final volume: 10 ug/mL ATCase, 0.6 mg/mL
vesicles, 15 mM azide, and 20 mM NAOH, all 1n 100 mM sodium phosphate 
(NaP1), pH 6.6. A corresponding solution substituting 20 mM NAD+ for 
NADH formed the control. These inactivation mixtures were placed in 
18 x 150 mm test tubes and Incubated at 30°C at 200 rpm in a New Brunswick 
shaking water bath. Aliquots of 100 pL were removed at the onset of Incu­
bation, after 1 h, and following 2 h of Incubation. These aliquots were 
assayed for ATCase activity. After 2 h of Incubation in this system, 
the activity of the ATCase was reduced by 20%.
2. Is Inactivation Dependent On the Concentration of Vesicles?
In an attempt to determine the effect of the concentration of
vesicle protein on the inactivation, several different concentrations 
of vesicles were tested. Inactivation solutions contained 15 mM azide,
20
5 .g/ml AT' se am 20 mM NADH all in 1.0 mL 100 mM Nali, pH 6.6.
Control wr-re Men' al in all components except they substituted 20 mM 
NAD+ fo NADH. Ves cles were added to bring their final concentrations 
to 0.1 mg/mL, 6 ir^/mL, 1.2 mg/mL and 2.4 mg/mL in four separate sets
of '3 » 10C ’t tubes. Aliquots (100 pL) were taken at the onset of 
incubation ana after 1 and 2 h of shaking at 200 rpm 1n a 30°C water bath. 
The effects of these Incubations on ATCase activity are shown in 
Table I. Although the reason for greater loss of activity in the solutions 
containing less vesicles is not clear, greater concentrations of vesicles 
do not inactivate ATCase faster, as might be expected.
3. Is Inactivation Dependent On the Concentration of ATCase?
One would expect that the rate of vesicle-catalyzed inactivation 
of ATCase might be proportional to the concentration of ATCase in solution. 
To test this hypothesis, 1 mL solutions of 15 mM azide,0.6 mg/mL vesicles,
20 mM NADH, all 1n 100 mM NaPi, pH 6.6, were prepared. Controls substituted 
NAD+ for NADH. The Inactivation of ATCase was tested at the following 
concentrations: 100 ug/mL, 6.7 ug/mL, 2.0 pg/mL and 1.0 pg/mL. These
samples were Incubated 1n 13 x 100 mm tubes In a shaking water bath at 30°C 
for 2 h with 100 or 200 pL aliquots (as dictated by ATCase concentration) 
removed for assay at the onset of Incubation and after 1 and 2 h of Incu­
bation. The effects of these Incubations on the ATCase activities at 
different enzyme concentrations are shown 1n Table II.
As Table II shows, the average rate of ATCase Inactivation Increased 
as the concentration of ATCase Increased. The average rate of Inactivation 
did not Increase linearly with Increase 1n ATCase concentration, however. 
Rather, 1t followed a hyperbolic dependence on ATCase concentration.
This probably Indicates that the rate of Inactivation becomes limited 
by some other component of the Inactivation mixture.
TABLE I. THE EFFECT OF VESICLE CONCENTRATION 
ON INACTIVATION OF ATCase
Concentration of 
Vesicle Protein8 
(mg/mL)
% of Initial ATCase 
Activity Remaining 
After 2 h*5
0.3 50
0.6 72
1.2 80
2.4 74
J\s determined by Lowry assay.
As measured against the activity of 
a corresponding solution incubated 
with 20 mM NAD* substituted for NADH,
TABLE II. EFFECT OF ATCase CONCENTRATION 
ON ATCase INACTIVATION
ATCase
Concentration
(yg/mL)
% Initial 
ATCase Activity 
Remaining After 
2 ha
Average pg 
ATCase 
Inactivated 
per h
100 73 13.5
6.7 60 1.32
2.0 51 0.98
1.0 20 0.40
aAs measured against the activity of a corresp^d- 
1ng solution Incubated with 20 mM NAD+ subst ted 
for NADH.
Figure 3. Difference spectrum of NADH incubated in TOO mM NaPi, pH 6.6 vs. NADH incubated ir. 
20 mM Tris-CI, pH 8.7.
Dashed line - after 10 min incubation at 25°C
Solid line - after 1.5 h incubation at 25°C plus 5.0 h incubation at 37°C
ror\)
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The previous experiment made 1t clear that the vesicles that I 
had prepared were competent to Inactivate ATCase in the manner which 
Flom had described.
B. Chemical Reactions of NADH In Solution
Literature reports regarding the formation of modified species of 
NADH were described 1n the Introduction. The formation of some of these 
modified species, which display Intense absorbance at 290 nm, is 
catalyzed by phosphate at neutral pH. The modified protein reported 
by Flom, displaying 290 nm absorbance, was generated In a system contain­
ing 20 mM NADH in 1" mM NaP1, pH 6.6. Therefore, I set out to discover 
whether NADH behaved 1n our system as described 1n the literature reports.
1. Does NADH Form A Product Absorbing At 290 nM In the Presence 
of 100 mM Phosphate?
Experiments on chemical changes 1n NADH 1n 100 mM NaP1, pH 6.6 
were conducted at an NADH concentration of 0.1 mM to permit direct spectro- 
photometrlc scans of the solution within a convenient sensitivity range 
of the spectrophotometer. To blank the solutions properly for difference 
spectroscopy, it was necessary to employ double compartment cuvettes.
In the reference cuvette, NAOH was made 0.1 mM In 20 mM Tr1s-C1, pH 8.7 
1n one compartment, while 100 mM NaP1, pH 6.6 was 1n the other compartment. 
The Tr1s-Cl buffer at pH 8.7 was chosen because NAOH Is known to be stable 
under these conditions. This stability was confirmed by my own spectro- 
photometrlc studies. The sample cuvette contained NADH at 0.1 mM In 100 
mM NaP1, pH 6.6 with 20 mM Tr1s, pH 8.7 in the other compartment.
These cuvettes ware Incubated 1.5 h at 25°C, followed by Incubation of 
6.5 h at 37°C to accelerate the formation of the species absorbing at 
290 nm. Scans from 400 nm to 240 nm were run every 1.5 h, and clearly 
Illustrate both bleaching of 340 nm absorbance and Increased 290 nm
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absorbance with time when NAOH was Incubated in the presence of phos­
phate (see Figure 3).
2. Does Acidification of Solution With Trichloroacetic Acid (TCA)
Cause Formation of a 290 nm Absorbing Adduct?
Flom (1981) used TCA to precipitate modified protein and 
monitored the supernatant from this procedure for 290 nm absorbance to 
determine whether the chromophore was covalently bound. It was, therefore, 
of some interest to determine the effect of acidification with TCA on 
NADH. This 1s of additional Interest because the literature would predict 
formation of the "primary acid product" under these conditions.
In two separate experiments, 0.1 mM solutions of NADH In 20 mM 
Trls-CI, pH 8.7 or 100 mM NaP1, pH 6.6, were acidified with 10* TCA 
1n H-0 to give final concentrations of 0.05 mM NADH and 5* TCA. In the 
first experiment simple scans were made of these solutions versus 
appropriate buffer plus TCA blanks. These scans show complete loss of 340 
nm absorbance as well as some bleaching at 260 nm and a prominent absorbance 
shoulder at 280-290 nm. In the second experiment, NADH was brought to a 
final concentration of 0.05 mM 1n 5* TCA and 50 mM NaPI in a double com­
partment cuvette with the second compartment containing 10 mM Tr1s-C1, 
pH 8.7. This cell was blanked with a cell containing NADH at a final 
concentration of 0.05 mM In 10 mM Tr1s-C1, pH 8.7 1n one compartment and 
5* TCA 1n 50 mM NaP1 In the second compartment. Difference spectroscopy 
of these solutions shows clear bleaching of 340 nm absorbance and a large 
Increase In 290 nm absorbance. A qualitatively similar result was seen 
when NADH 1n Tr1s buffer was acidified and read against the appropriate 
blank of NADH In phosphate buffer. Thus, 1t seems clear that NADH 1n 
the presence of 5% TCA Is converted to some 290 nm absorbing species, 
probably the "primary acid product" of NADH.
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3. Does the Presence of Proteins Catalyze or Inhibit the Formation 
of NADH Adducts Absorbing At 2§0 nm?
To test the possibility that the presence of proteins might 
catalyze or inhibit the formation of 290 nm-absorbing species of NADH, 
the following procedure was carried out with three proteins, namely, 
bovine serum albumin (BSA), chicken egg lysozyme, and B. subtil 1s ATCase. 
Samples were prepared containing protein at a final concentration of 
10 ug/mL, NADH at a final concentration of 0.1 mM, and 100 mM NaP1, 
pH 6.6 In one compartment of a double sector cuvette, the other com­
partment contained water. The blank consisted of NADH at 0.1 mM In 100 
mM NaP1, pH 6.6 1n one compartment, and protein at a concentration of 
10 wg/mL in H-0 in the other compartment. Difference spectroscopy 
performed on all three systems showed no significant deviation from the 
baseline that was seen at the onset of Incubation. Furthermore, no 
deviation was seen over the 6 h Incubation at 30°C, indicating that these 
proteins neither catalyzed nor inhibited the formation of a 290 nm ab­
sorbing species 1n phosphate buffer.
4. Is the Rate of Formation of the 290 nm Absorbing Species Affected 
By Azide Either In the Presence Or Absence ol ATCase?
The observation by Flom that 15 mM azide enhanced the rate of
vesicle-catalyzed Inactivation led him to Include 1t In h1s Inactivation
procols. It was also Included In procedures with which he Isolated
the modified protein absorbing at 290 nm. It was, therefore, desirable
to test the effect of azide In the generation of 290 nm absorbing species
of NADH. It was also desirable to test the effects of azide in solutions
with and without protein present. The effect of azide on reactions of
NADH In phosphate was measured in the following system. NADH was made
0.1 mM and sodium azide 15 mM, 1n a solution of 100 mM NaP1, pH 6.6 and
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placed 1n one compartment of a double compartment cuvette; the other com* 
partment contained H«0. This cuvette was scanned against a blank consisting 
of NADK at 0.1 mM 1n 100 mM NaP1, pH 6.6 1n one compartment, while the 
other compartment contained 15 mM sodium azide 1n H„0. These solutions 
were Incubated for 6 h at 30°C with scans being taken at the start of the 
Incubation and every 2 h subsequently. In no case was any difference 
seen 1n the rate or extent of formation of the 290 nm-absorblng species.
In the second system ATCase was Included at a final concentration 
of 10 ug/mL In the sample compartment, which contained azide plus all 
additional components of the first system, while the second sample compart­
ment contained water. The reference cuvette contained azide and ATCase 
1n one compartment, and all other components 1n the second compartment.
These solutions were Incubated and scanned 1n parallel with the first 
system. In no case was there any significant difference In absorbance 
between the two two cuvettes, Indicating that the simultaneous presence of 
ATCase plus azide has no effect on the formation of 290 nm absorbing 
species of NADH In 100 mM NaP1, pH 6.6.
5. What Is the Effect of Vesicles On Chromophore Formation?
The effect of vesicles on the formation of the 290 nm absorbing 
species from NADH 1n the 100 mM NaP1 system at pH 6.6 was tested In 
several procedures. This effect, If any, was difficult to determine, 
because the vesicles also catalyzed a rapid oxidation of the 0.1 mM 
NADH to NAD*. Because of this problem, an attempt was made to perform 
the Incubations at 30°C 1n an anaerobic environment. All solutions 
were degassed and flushed with argon prior to the onset of the experiment. 
Aliquots from the appropriate reaction mixtures were taken using gas- 
tight Hamilton syringes. The solutions containing vesicles were Incubated 
In sealed 3 mL Wheaton vials, which were sheathed and placed 1n a Sorvall
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SS-34 rotor tor centrifugation at 13,000 x £ and 25°C for 20 min at 
various times. The supernatant fluids from these centrifugations were 
transferred to anaerobic quartz cuvettes using the gas-tight Hamilton 
syringes. Samples containing no vesicles were simply incubated in the 
anaerobic cuvettes. In all samples which contained vesicles, final 
concentrations were 0.1 mM NADH, 0.6 mg/mL vesicles, 15 mM azide, and 
10 ug/ml ATCase in a final volume of 2.0 mL 100 mM NaPi, pH 6.6.
A control was prepared that contained equivalent concentrations of all 
components, but vesicles were omitted. The blank consisted of equivalent 
concentrations of all components except vesicles, which were omitted,
In 20 mM Trls-Cl, pH 8.7 Instead of NaP1, pH 6.6.
Four samples containing vesicles were prepared. One of these 
samples was centrifuged Immediately to sediment the vesicles, and the 
supernatant was transferred anaerobically to an anaerobic cuvette Immediately 
after the spin. This sample was scanned 1nmed1ately against the blank 
and again after 4 h of Incubation in the cuvette at 30°C.
A second. Identical sample was centrifuged, then allowed to Incubate 
1n the Wheaton vial for an additional 4 h before the transfer and scans 
were made.
A third, Identical sample was Incubated for 4 h In the vial, centri­
fuged to sediment vesicles, and the supernatant transferred to an anaerobic 
cuvette for difference spectroscopy.
The fourth sample containing vesicles was Identical to the other, 
except that no NADH was added to 1t until the vesicles had been removed 
by centrifugation and the supernatant transferred to an anaerobic cuvette. 
NADH was then added to the cuvette at a final concentration of 0.1 mM.
The anaerobic control consisting of NADH, ATCase and azide 1n 100 mM 
NaP1, pH 6.6, showed normal chromophore formation over a 4 h period.
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Likewise, the system to which NADH was added after the vesicles had been 
removed by centrifugation formed the chromophore normally. However, 1n 
those experiments where NADH was present 1n samples that contained vesicles 
during the Incubation and/or the centrifugation, extensive bleaching of 
340 nm absorbance of NADH was seen. This bleaching occurred to a much 
greater extent than could be accounted for by production of a modified 
species of NADH. If the bleaching at 340 nm occurred primarily as a 
result of oxidation of NADH to NAD*, one would expect to see a bleaching 
of 6.22 per mmole at 340 nm and an increase of 3.4 per mmole at 260 nm 
due to the larger extinction of NAD* (Clark and Switzer, 1977). Alter­
natively, if bleaching at 340 nm was due to the formation of a modification 
product of NADH, an increase of absorbance from 13.5 (Chaykin et eH., 1956) from 
to 18.6 (as calculated from cigure 1, Burton and Kaplan, 1963) should be 
seen at 290 nm. What was in fact seen was extensive bleaching at 340 nm 
in all cases, and a peak at 270 nm with a shoulder in the 290 nm range.
This peak at 270 am usually had an extinction ranging fron 50-100% of 
that of the 340 nm bleaching extinction. This indicates that the primary 
cause of 340 nm bleachtng is NADH oxidation to NAD* for two main reasons.
The ratio of 260 nm absorbance to 340 nm absorbance should be equal to
0.55 for NADH oxidation to NAD*, while one would expect the 290 nm to 
340 nm ratio to exceed 2:1 for NADH adduct formation. The results seen 
would, therefore, indicate the formation of a mixture of spades. However, 
it is clear that NAD was formed predominantly, because most ratios 
seen remained well below hi. Furthermore, the superposition of a 260 
nm absorbance and a 290 nm absorbance would give rise to a complicated 
absorbance spectrum with a peak occurring anywhere between 260 nm ard 
290 nm. The exact location of this peak would depend on the relative
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Intensities of the 260 nm absorbance and the 290 nm absorbance. The fact 
that peaks occur near 270 nm, and show the 290 nm absorbance (which has the 
much higher extinction), only as a shoulder, Indicates that the 260 nm 
absorbing species, NAD*, Is the predominant species produced. Since 
absorbance shoulders In the 290 nm region were visible In the solutions 
containing vesicles, 1t seems that these systems retain the ability to 
generate a modified species of NADH. However, It Is clear that the vesicles 
retained a considerable ability to oxidize NADH to NAD*, even in a system 
extensively flushed to remove molecular oxygen.
6. Can the Vesicles Mediate the Formation of a Modified Species of
NADH In the Absence of Phosphate ton?
Literature reports suggested that an enzyme, glyceraldehyde-3- 
phosphate dehydrogenase, catalyzes the formation of NADH-X. Furthermore, 
this reaction was shown to be catalyzed by phosphate in the absence of 
any enzyme. My studies have confirmed this catalysis of the reaction 
in an enzyme free system. However, the vesicles contain many membrane- 
bound proteins. Therefore, I investigated the possibility that B. subtllls 
membrane vesicles catalyze the formation of an NADH-X-11ke species In the 
absence of orthophosphate 1on. An anaerobic procedure similar to the 
one previously described was used, ’he sample contained 0.1 mM NADH, 15 
mM azide, 10 ug/mL ATCase, 0.6 mg/mL vesicles 1n a tota1 volume of 2.0 mL 
of 50 mM Tr1s-C1, pH 8.1. This mixture was Incubated anaerobically for 
4 h at 30°C 1n a sealed 3.0 mL Wheaton vial. The reference contained 
the identical components, except vesicles were omitted. It was Incubated 
for 4 h at 30°C as well as an additional 20 min at 25°C which corresponds 
to the incubation of the sample during centrifugation. The centrifugation 
was at 13,000 x £  and 25°C for 20 m1n. The supernatant of the sample
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solution was then anaerobically transferred to an anaerobic cuvette, using 
a gas-tight Hamilton syringe. A different spectroscopic scan from 400 nm 
to 240 nm was run. Once again, the result was ambiguous because 
extensive oxidation of NAOH obscured other spectral features. It appeared 
that some additional absorbance was formed in the 280-290 nm range, as 
judged by a shoulder in the difference spectrum. However, interpretation 
of that spectral data 1s quite difficult, and It remained unclear whether 
the vesicles can catalyze the formation of a 290 nm absorbing adduct of 
NADH.
7. Are the Products of the NADH Modification Reaction Cleaved In
the Presence dr tne Absence of Vesicles?
Since the previous observations of Flom suggested that a 290 nm- 
absorblng moiety became attached to ATCase during Incubation with vesicles 
and NADH, it was of Immediate interest to discover the Identity of the 
modified NADH species in solution. The possibility existed that, in the 
presence cf vesicles and/or ATCase, NADH or one of its adducts could be 
cleaved to form a modified nicotinamide species plus an ADPR moiety.
To test this possibility various reaction mixtures and appropriate 
standards were spotted onto silica gel plates (Merck F-254) and chroma­
tographed as described in Methods. The mixtures analyzed were as follows: 
(a) 2 mM NADH was Incubated for 4 h at 33°C in a solution consisting of 
10 ug/mL ATCase, 15 mM azide, and 100 mM NaPI, pH 6.6; (b) NADH was added 
at a final concentration of 2 mM to a solution Identical to that 1n (a) 
after 4 h of incubation without NADH; (c) 2 mM NADH, 0.6 mg/mL vesicles,
15 mM azide, and 10 pg/mL ATCase were Incubated in 100 mM NaPi, pH 6.6 
for 4 h at 30°C, then centrifuqed to remove vesicles; (d) NADH was added 
to a final concentration of 2 mM to a solution otherwise identical to 
that of (c) which had been incubated for 4 h at 30°C and centrifuged to
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remove vesicles prior to NADH addition; (e) NADH was 2 mM in a solution 
containing 0.6 mg/ml vesicles, 10 ug/mL ATCase, 15 mM azide all in 20 mM 
Tris-Cl pH 8.1, and incubated at 30°C for 4 h. NAD+ , NADH, ADPR and ADP 
standards were dissolved in 20 mM Tris, pH 8.0 at a concentration of 2 mM. 
A nicotinamide standard was 20 mM in 20 mM Tris, pH 8.0. All solutions 
were spotted in multiple applications (approximately 20 uL per sample) 
to silica gel plates and developed as described in Methods. All five 
experimental samples showed spots with the expected relative migration and 
U.V. absorbance of NADH and NAD . Some streaking was seen and no clear 
spots were seen in other positions. It is not absolutely clear, however, 
that no NADH cleavage occurred, because the reaction may occur to a very 
small extent in the time of incubation, rendering detection of the spots 
difficult. Furthermore, the reaction may be followed by binding of the 
products to proteins that were either spun out in the centrifugation 
or remained at the origin on the plates (although no detectable absorbance 
was seen at the origins). However, any reaction to cleave NADH by 
vesicles clearly does not proceed to a substantial extent under the 
conditions used in this or Flom's experiment.
C. Daaa^i ADH Or a Modified Species of NADH Bind Ughtly To Proteins?
Flom (T^jai) described the formation of a modified form of ATCase, 
which was found after incubation of the enzyme with NADH and vesicles.
This modified species of ATCase had a substantially Increase absorbance 
at 290 nm as compared to an equivalent concentration of ATCase incubated 
with NAD+, or incubated in the absence of either nucleotide. Flom 
suggested that this 290 nm-absorbing species was the result of a covalent 
attachment of a modified form of NADH to the enzyme. He speculated that 
this attachment was catalyzed by vesicle protein and could play a role 
in regulation of the degradation of ATCase.
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In the preceding section, I have shown that species of NADH with 
similar absorbance characteristics to those of the modified protein 
reported by Flom can be produced under the conditions he used. These 290 
nm-absorblng species of NADH were formed whether vesicles or other proteins 
ar° present or not. It thus became of prime importance to learn whether 
these species can become attached to ATCase. Furthermore, in the case 
that an attachment did occur, it was of importance to learn of the means 
of attachment (covalent or noncovalent) and to learn whether the 
attachment is enzyme-catalyzed.
1. Do Modified Species of NADH Become Attached To ATCase In the 
Presence of Vesicles?
14
A reaction mixture was prepared consisting of C-labeled ATCase
(0.3 mg/mL, 158 CPM/yg in the window only), 15 mM azide, 20 mM NADH
and 0.6 mg/mL vesicles, all in 100 mM NaPi, pH 6.6 in 5.0 ml final volume.
A second mixture contained identical components with the exception that 
+ 14
20 mM NAD was substituted for NADH. C-ATCase was used to allow for 
matching of protein concentration by scintillation counting of small 
samples. Both mixtures were placed in a New Brunswick shaking water bath 
at a low setting (# 2) and incubated for 6 h at 30°C. These mixtures 
were then centrifuged at 4°C and 15,000 x for 20 min to sediment the 
vesicles. The supernatant was loaded onto separate, but identical, columns 
as described by Flom (1981). These columns contained a 2.5 x 50 cm bed 
of Sephadex G-25 (250 mL), and were eluted with 50 mM tr1ethyl ammonium 
bicarbonate (TEAB) at room temperature. The columns were run with a 48 cm 
pressure head and had a flow rate of 0.45 to 0.6 mL/mln. These columns 
achieved separation of the free nucleotides from the ATCase population 
as shown by the absorbances at 260 and 340 nm, which were monitored for each
34
Figure 4 Sephadex G-25 separation of ATCase and unbound nucleotide 
(NAD+ ).
ATCase
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column fraction (see Figure 4). These columns also removed small molecules, 
such as azide and vesicle-associated molecules, from the protein fraction. 
The column fractions containing the ATCase were pooled and concentrated 
in an Amicon pressure filtration cell to aboi.t 2 ml, which gave an ATCase 
concentration of approximately 0.6 mg/mL. At this point the concentrations 
of NAD+-treated *C-ATCase and NADH-" ; :rd ^C-ATCase were made identical 
by scintillation counting of samples and dilution to yield solutions of 
equal radioactivity per ml. Then a difference spectrum of the reisolated 
NAOH-treated ATCase was recorded using the NAD -treated ATCase of identical 
protein concentration as a blank. A significant difference spectrum 
with a maximum at 290 nm was observed (Figure 5). This spectrum had a 
millimolar extinction coefficient of 18.7 per ATCase subunit at 290 nm. 
Reported values for the millimolar extinction coefficients of 290 nm 
absorbing species discussed in the literature range from 13.5 (Chaykln 
et al_., 1956) to 18.6 (as calculated from Figure 1, Burton and Kaplan,
1963).
2. Do Modified Species of NADH Become Attached To ATCase In the
Absence of Vesicles?
The experiment described above was repeated by incubation of the
14
same concentrations of NADH, C-ATCase, and azide in the 100 mM NaPI, 
pH 6.6 buffer for an equal length of time at 30°C in the absence of vesicles. 
The reaction mixture (the NADH-conta1n1ng sample and the NAD+-containing 
control) were loaded onto the same columns as were used in the experiments 
1n which vesicles were Included. Fractions containing ATCase were pooled 
and concentrated to about 0.6 mg/mL, and their protein concentrations were 
made Identical by the use of scintillation counting, as described above.
A difference spectrum of the NADH-treated sample versus the NAD+-treated
37
Figure 5 Difference spectrum of NADH-treated ATCase vs. NAD+- 
treated ATCase (vesicles included).
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control was recorded (Figure 6). This spectrum also showed a clear 
maximum at 290 nm, which had a millimolar extinction coefficient at 290 
nm of 36 per ATCase subunit. This result showed that vesicles do not 
catalyze the formation of a modified species of ATCase absorbing at 290 
nm. Vesicles, in fact, seem to inhibit the formation of this modified 
species, probably because they catalyze the oxidation of NADH to NAD , 
which competes with the reaction of NADH to form the 290 nm absorbing 
species.
3. Does Dialysis Remove the Chromophore From Modified ATCase?
To determine whether the modification of the protein Involved a 
loose association of the modified species of NADH with the protein, the 
samples from the previous two experiments were dialyzed for 24 h versus 
three changes of 50 mM Tris-Cl, pH 8.1 (400 mL each) at 4°C. After this 
dialysis procedure the samples were counted, their protein concentrations 
were matched, and they were again examined by U.V. difference spectroscopy. 
The difference spectra showed that the chromophore remained attached to 
the protein and had the same absorbance maximum. Furthermore, the millimolar 
extinction coefficients remained essentially equal to those determined 
on the samples prior to dialysis. The millimolar extinction coefficient 
for the preparation in which vesicles were included was 16.8 after the 
24 h dialysis while that for the preparation in which no vesicles were 
included was 35.7. These values compare with extinction coefficients 
of 18.9 and 36 obtained before dialysis. These results Indicate no loss 
of absorbance during dialysis. Later experiments, however, suggest that 
NADH species bound to ATCase can be removed by extensive dialysis.
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Figure 6 Difference spectrum of NADH-treated /'TCase vs. NAD+- 
treated ATCase (vesicles omitted).
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4. Can the Chromophore Be Removed By Dialysis Against 6 M Guanidine 
Hydrochloride (GuHClT?
If the chromophore is covalently bound to the enzyme, treatment 
of the enzyme with methods designed to disrupt its tertiary structure 
should not result in release of the chromophore. Thus, dialysis of the 
modified enzyme against sodium dodecylsulfate (SDS) or GuHCl, followed 
Ly determination of its absorption spectrum, should give an indication of 
whether the chromophore is covalently bound.
To dialyze the material effectively against 6 M GuHCl without drastically
increasing its volume, 1t was necessary to lyophilize the samples that had
been recovered from the Sephadex G-25 columns and dialyzed against Tris.
These lyophilized samples were then dissolved in 1.5 mL of 6 M GuHCl
(Aldrich, 99% pure, pH (unadjusted) 5.5) and dialyzed against three
changes (100 mL each) of 6 M GuHCl, pH 5.5 for 24 h at 4°C. Protein
concentrations of the samples were then matched by scintillation counting 
14
of the C-ATCase and U.V. difference spectra were recorded as usual.
Although the samples contained equal radioactivity, some mismatch in 
concentration may have occurred, because the difference spectra failed 
to return to baseline in the 260 to 240 nm region. Therefore the calculated 
extinction coefficients in those experiments were subject to large errors. 
However, it did appear that theere was some loss of 290 nm absorbance 1n 
both solutions. The millimolar extinction coefficient for the preparation 
in which vesicles were Included was 13.4 after the GuHCl dialysis while 
that for the preparation in which vesicles were omitted was 18.8. These 
values compare with extinction coefficients of 16.8 and 35.7 obtained 
after the dialysis with Tr1s. In subsequent experiments, however, almost 
all 290 nm absorbance was lost when modified proteins were dialyzed 
against GuHCl, following dialysis of the protein against potassium phosphate.
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5. Do Modified Species of NADH Bind To Proteins Other Than ATCase?
If the binding of a modified species of NADH to ATCase is of 
physiological significance (jLe., as a first step in the marking of the 
enzyme for proteolytic degradation) one might expect that binding of such 
species would be specific to ATCase.
14
To test this issue, 20 mM NADH, 15 mM azide, and 0.8 mg/mL C 
labeled chicken egg lysozyme (400 cpm/yg, c window only) were incubated 
in 100 mM KPi, pH 6.6 (2.5 mL final volume) for 4 h at 30°C. A control 
solution in which 0.83 mg/ml ^C-ATCase (674 cpm/ug, u window only) 
was substituted for lysozyme was also Included, as were the corresponding 
NAD+ controls. After 4 h of Incubation each solution was dialyzed for 
30 h against four changes of 250 mLs each of 100 mM KPI, pH 6.6, at 40C. 
Protein concentrations for the lysozyme sample and control were matched 
by scintillation counting and dilution, as were those of the corresponding 
ATCase controls. There was considerable binding of the chromophore to 
lysozyme, as can be seen in Figure 7. Millimolar extinction coefficients 
calculated in this experiment were 87 per ATCase subunit and 35.5 per 
lysozyme subunit. Interestingly, the lysozyme chromophore was rather 
broad and had maximal absorbance at about 276 nm. This may represent the 
additive effect of several absorbances caused either by perturbations of 
the aromatic amino acid residues of the protein or by the binding of some 
additional chromophore that absorbs at a lower wavelength. There is some 
possibility that this broadening is caused by protein mismatch, but this 
is unlikely in terms of the good return to baseline and symmetry of the 
peak. Additionally, these protein concentrations were matched to within 
1% by scintillation counting, so that any mismatch which occurred must 
have been due to loss of label from the control. An additional interpreta­
tion for this spectral mismatch will be considered in the Discussion.
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Figure 7 Difference spectrum of NADH-treated lysozyme vs. NAD+ 
treated lysozyme.
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Dialysis of the modified ATCase and the modified lysozyme against 
GuHCI as before caused the almost total loss of absorbance at 290 nm.
This result 1s 1n contrast to the earlier partial loss of chromophore 
seen 1n GuHCI dialyzed samples of ATCase.
6. What Is the Effect of NADH Concentration On the Formation of the 
ATCase-linked Chromophore? ~
Normal concentrations of NADH In the cell could not be expected 
to approach 20 mM. Since no enzymic catalysis of the attachment of modified 
NADH to ATCase was required, 1t was of Interest to learn when such a 
reaction occurred to an appreciable extent at more nearly physiological 
concentrations of NADH.
14
Accordingly, a solution of 2 mM NADH, 15 mM azide, and C-ATCase
at 0.414 mg/mL (674 cpm/yg) was prepared 1n 100 mM KP1, pH 6.6 (final
volume, 2.5 mL) and Incubated for 4 h at 30°C. The appropriate control
substituting NAD* for NADH was also prepared. Both solutions were dialyzed
for 24 h against 4-250 mL changes of 100 mM KP1, pH 6.6 at 4°C. Protein
14
concentrations were matched by counting of the C-labeled protein as 
before and U.V. difference spectra were recorded from 400 to 240 nm.
Only a small amount of absorbance with a maximum near 290 nm was detected, 
This material gave a millimolar extinction coefficient at 286 nm of 3.8 per 
ATCase subunit, about one-twentieth of the observed value for Incubation 
with 20 mM NADH seen 1n the previous experiment. Thus, spontaneous modi­
fication of ATCase by reaction with NADH In vivo is unlikely to occur to 
a major extent.
7. Can Chromophore Be Removed By Dialyzing For Extended Periods of Time? 
It was discovered that some preparations of modified protein that
had been prepared 1n the usual manner, but had been dialyzed for 48 h Instead
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of the usual 24 h showed considerably lower extinction coefficients at 
290 nm when they were determined by difference spectroscopy. This ob­
servation led to attempts to measure the quantity of chromophore bound 
at various times In the dialysis procedure. In one procedure, the loss 
of 290 nm absorbing species was monitored. In the second procedure, the 
loss of radioactivity from ATCase that had been modified with NADH con­
taining a tritium-labeled nicotinamide ring was monitored over time.
la
In the first procedure 20 mH NADH and 0.414 mg/ml C-ATCase 
(674 cpm/vg) In a final volume of 1.5 mL of 100 mM KP1, pH 6.6 were In­
cubated for 6 h at 30°C. The appropriate NAD4 control was also run. After 
the 6 h of Incubation, samples were removed, and each was dialyzed for 
24 h against three changes (300 mL each) of 100 mM KP1, pH 6.6 at 4°C. 
Samples were then matched to equal protein concentrations, difference 
spectra were obtained, and the samples were dialyzed for an additional 
16 h against two changes (300 mL each) of 100 mM KP1, pH 6.6 buffer. The 
mllUmolar extinction coefficient at 286 nm for the chromophore at the end 
of 24 h of dialysis was 184, but after an additional 16 h of dialysis, 1t 
was reduced to 34. This strongly suggests slow loss of chromophore during 
extended dialysis. It 1s also noteworthy that the extinction coefficient 
per ATCase subunit 1n the case of ATCase Isolated from the G-25 column was 
36. This material remained rather tightly bound during additional 
dialysis. It may be that the passage of the treated ATCase across the 
Sephadex column has essentially the same effect as that of an extended 
dialysis.
In the experiment utilizing [4-n1cotlnamlde- HlNADH. 20 mM nucleotide 
was Incubated with 0.49 mg/mL ATCase 1n a total volume of 1.9 mL of 100 mM
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KPi, pH 6.6 at 4°C. After 24 h aliquots were removed from the dialysis 
bag and counted. ' The bag was resealed and dialyzed for an additional 
16 h with two additional 300 mL buffer changes. The dialysis bag was 
opened and additional aliquots were counted. After 24 h of dialysis,
17.6 nicotinamide equivalents were bound per ATCase subunit (as calculated 
from Initial specific radioactivity of the H-NADH). However, after 
40 h of dialysis only 2.75 nicotinamide equivalents were bound per 
subunit.
Neither of the above results can be explained as simply resulting 
from dialysis against Inadequate volumes of buffer. The dilution of 
the dialyzed sample after three buffer changes would be about one million 
fold, which would bring the nucleotide concentrations to about cne thousandth 
of the protein concentration 1f the nucleotide were 1n free equilibrium 
with the protein. Thus, the nucleotide binds tightly to ATCase but is 
slowly lost during prolonged dialysis.
8. Is the Chromophore Removed More Readily By Dialysis Against
Solutions Containing Organic Solvents Or High SaTE7
Since the chromophore could be dialyzed slowly away from the 
protein, 1t was of some Interest to Investigate whether the Interactions 
by which 1t was held to the protein were more easily disrupted 1n high 
salt or 1n an environment of lower dielectric constant. There are three 
general ways 1n which such a chromophore could be bound and released 
under relatively mild conditions. The first would be the formation of 
a very labile covalent bond, which 1n the presence of any of several 
different buffers could be hydrolyzed to release chromophore. The 
second would be for charged portions of the nucleotide to bind by electro­
static Interaction to oppositely charged regions on the protein. Such 
electrostatic Interactions should be easily disrupted at high Ionic
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strength. The third possibility is that hydrophobic areas 1n the nucleo­
tide could Interact with hydrophobic residues 1n the protein. Such hydro- 
phobic Interactions should be more easily disrupted by organic solvent 
molecules than by high salt. Finally, combinations of these types of binding 
could also occur.
To test these possibilities, 1.66 mL of a solution containing 20 mM 
NADH, and 0.49 mg/mL 14C-ATCase (1276 cpm/yg In 3H plus windows)
1n 100 mM KP1, pH 6.6 were incubated for 6 h at 30°C. The corresponding 
NAD* control was also prepared. After 24 h of dialysis against three 
400 ml changes of 100 mM KP1, pH 6.6, samples were removed, their protein 
concentrations were matched by scintillation counting, and difference 
spectra were recorded. The samples were then divided 1n half and one 
half was subjected to dialysis versus 150 mL each of either 1 M KP1, 
pH 6.6 or 25% dimethyl acetamide (DMAc) in 75 mM KP1, pH 6.6. The dialysis 
buffers were changed twice over an 18 h period. The protein concentrations 
of the samples were then matched to those of the corresponding NAD* 
control, and difference spectra obtained. At the end of the 24 h dialysis 
period the material Isolated had a mllUmolar extinction coefficient of 
200. After 18 h of dialysis against 1 M KP1 the mllllmolar extinction 
coefficient had dropped to 36. The sample that was dialyzed for 18 h against 
25% DMAc gave a mllllmolar extinction coefficient of 45. These values 
are not significantly different from the extinction coefficient of any of 
the samples dialyzed against 100 mM KP1. Thus, no evidence for a specific 
role of electrostatic or hydrophobic Interaction on the binding of chromo- 
phore to ATCase was obtained.
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9. Do NADH Molecules With Unmodified Nicotinamide Rings Bind To ATCase?
Throughout most of the experiments on modified ATCase there was 
no evidence of any chromophore absorbing at 340 nm being bound to the 
protein. However, 1n two separate experiments, 1n which the only known 
variation from earlier protocols was the substitution of a 6 h Incubation 
for the usual 4 h Incubation, such a chromophore was observed. This 
was Interesting, because 1t Indicated the probable association of an 
unmodified nicotinamide ring with the protein. Difference spectra of 
these preparations possessed large 286 nm absorbances as well as signi­
ficant absorbance at 340 nm. Indicating that a mixed population of modified 
and unmodified reduced nicotinamide moieties was present.
The preparations were obtained by Incubating 20 mM NADH and 0.414 mg/
14
ml C-ATCase (1276 cpm/pg) 1n a final volume of 1.5 mL of 100 mM KP1, 
pH 6.6. The appropriate control, substituting NAD* for NADH was also 
prepared. These samples were incubated for 6 h at 30°C, then dialyzed for 
24 h in three 300 ml changes of 100 itM KP1, pH 6.6, at 4°C. Protein 
concentrations were matched by scintillation counting and the samples 
were examined by difference spectroscopy. Measurement of the m1111molar 
extinction coefficients gave the values reported 1n Table III. Loss 
of 340 nm absorbance with concomittant gain of 280 nm absorbance 
could be seen when the dialyzed protein was reisolated and reincubated 
1n 100 mM KP1, pH 6.6 at 30°C for 6 h. This result Indicated that the 
unmodified and modified nicotinamide moieties were responsible for the 
respective absorbances at 340 nm and 286 nm. The absorbance at 286 
nm was extensively diminished (80% loss) by further dialysis, as was 
previously reported, while the absorbance at 340 nm disappeared after an 
additional 16 h of dialysis against two 300 mL changes of 100 mM KP1, pH 
6.6 at 4°C.
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TABLE III. MILLIMOLAR EXTINCTION COEFFICIENTS OF MODIFIED 
ATCase FOLLOWING 6 HOUR INCUBATIONS
Prep I Prep II
286 nm 184 200
340 nm 37.5 38
10. Is the Nicotinamide Ring of NADH Bound To the Protein?
Formation of a 290 nm absorbing chromophore on Incubation of ATCase 
with 20 mM NADH in phosphate buffers at pH 6.6, appears to Involve attach­
ment of all or part of the NADH molecule to the protein. The fact that 
the difference spectrum shows Its maximum at 290 nm only suggests that 
NADH 1s converted to a NADH-X-like species. Possibly only the modified 
nicotinamide moiety of NADH 1s bound to the protein. One would expect 
that, 1f the entire molecule were bound, additional 260 nm absorbance 
would consistently be seen, and this 1s not the case. However, If the- 
entlre NAD+ molecule 1s also bound to the protein 1n the control, at 
near equal ratios, only slight differences 1n 260 nm absorbance might be 
seen.
The question of the attachment of the nicotinamide portion of NADH 
versus attachment of the Intact NADH molecule was examined directly by 
studying the binding of [U- C-adenlnejNADH and f4-n1cot1namlde-^H]NADH 
in separate procedures.
52
a. Binding of [4-Nicotinamide- H]NADH
Labeled NAOH was prepared as described in Methods. The [4- 
^H]NADH (42 pCi, 20 mM) and 0.49 mg/mL ATCase were in a total volume of 
1.89 mL 100 mM KPi, pH 6.6. A control substituting 20 mM [4-^H]NAD+
(50 pCi) for [4- H]NADH was also prepared. Both solutions were incubated 
for 6 h at 30°C; they were then dialyzed separately over 24 h against three 
300 mL changes of 100 mM KPi, pH 6.6 at 4°C. Aliquots of each of the 
solutions were removed from dialysis and their radioactivity determined 
by scintillation counting. Each solution was then submitted to further 
dialysis against two additional 300 mL changes of 100 mM KPi, pH 6.6 over 
13 h at 4°C. Aliquots were once again removed for dialysis and examined 
by scintillation counting. Equivalents of [4- H-nicotinamide]NA0H and 
NAD+ bound per subunit are reported in Table IV.
2
TABLE IV. EQUIVALENTS OF NUCLEOTIDE BOUND PER 
SUBUNIT OF ATCase
Equivalents Bound
Nucleotide
After 24 h 
Dialysis
After 40 h 
Dialysis
H-ni coti nami de-NADH 17.6 2.7
^H-ni coti nami de-NAD+ 6.7 1.2
U C-adenine-NADH 3.6 0.2a
^C-adenine-NAD+ 1.4 0.2a
aThese values are statistically indistinguishable from 
zero.
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b. Binding Of [U- C-adenine]NADH
The [tt- 4C-adenine]NADH (3.7 yCi, 20 mM) and 0.49 mg/mL 
of ATCase were incubeted in a total volume of 0.965 mL of 100 nfl KPi, 
pH 6.6 for 6 h at 30°C. A control substituting 20 mM [U-14C-adenine]NAD+ 
(5.0 gCi) for [U- C-adenine]NADH was also prepared and incubated at 30°C 
for 6 h. These solutions were dialyzed and sampled in an identical 
procedure with that of (a). Equivalents of [U-14C-adenine]NA0H or NAD+ 
bound per subunit of ATCase are reported in Table IV.
It is not absolutely clear what causes the variation in the amount 
of nicotinamide bound versus the amount of adenine bound for the identical 
nucleotide. Neither is it clear what causes the variation in the binding 
of either nicotinamide or adenine to NADH versus NAD+. It is clear, 
however, that there is some nonselective association of either the entire 
molecules of NAOH and NAD+ or of their respective nicotinamide and 
adenine moieties, to the protein. Further interpretation of these results 
will be made in the Discussion.
14
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IV. DISCUSSION
A. What Is the Nature of the Modified Species of NADH Formed In Typical 
Inactivation Protocols? —
The results reported here made It clear that in 100 mM phosphate 
buffer at pH 6.6, 20 mM NADH is converted to a significant extent to a 
species absorbing at 290 nm. More than one such species is known to exist 
(Rafter et al_., 1954; Bernofsky, 1978). Which of these species 1s respon­
sible for the absorbance change seen in the solutions used here? It 1s 
clear from the report of Stock et al_. (1961) (see Introduction) that in 
solutions with the concentration of phosphate (100 mM) and pH (6.6) used 
1n my studies, the primary 290 nm absorbing species produced would be 
NADH-X. However, the report by Meinhart, Chaykln and Krebs (1956) of 
slow conversion of NADH-X to the "primary add product" of NADH at a pH 
of 6.0 complicates this conclusion. Furthermore, there are subsequent 
reports of formation of multiple products from NADH that absorb at 290 nm 
(see Introduction). My review of the literature leads me to conclude 
that the major product formed 1s NADH-X, but that other minor products 
may also be formed. However, 1n the absence of detailed characterization 
(by HPLC, TLC, or NMR techniques, for example) of the products formed 
under my end Flom's conditions, this conclusion cannot be regarded as 
firmly established.
B. What Is the Effect of Vesicles On the Formation of 290 nm-Absorb1ng
Adducts g r  NAPff?----------------  --------------------------------
The effect of membrane vesicles on the formation of the modified
species of NADH was, as we have seen, difficult to ascertain. Four
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possibilities exist: (1) Vesicles have no effect on the formation of
a modified species of NADH; (2) Vesicles catalyze the formation of a 
modified species of NADH through the action of some membrane-bound 
enzyme, such as glyceraldehyde-3-phosphate dehydrogenase; (3) Vesicles 
prevent the formation of significant amounts of modified species of NADH 
because they catalyze rapid oxidation of NADH to NAD ; (4) Both the 
catalysis of adduct formation and the oxidation of NADH occur simultaneously, 
making the relative extent to which each occurs difficult to judge.
Since the vesicles clearly catalyzed extensive oxidation of NADH 
to NAD , It seems reasonably clear that vesicles have, at very least, 
the effect of lowering the effective NADH concentration available for 
adduct formation. However, because of the extent to which this reaction 
occurred during incubation of NADH with vesicles, possible effects of 
membrane-bound enzymes on the catalysis of adduct formation may not have 
been observable. It remains unclear whether the vesicles possess the 
capability to catalyze NADH-adduct formation. However, 1t 1s clear that,
1f they are to do so, they must remain 1n a very strictly anaerobic environ­
ment. It 1s possible that the presence of other oxidized molecules 1n 
the vesicles (such as flavins) may allow the oxidation of NADH to NAD4, 
even under anaerobic conditions. In that case the vesicles would not be 
expected to show significant catalysis of adduct formation.
C. Do the Vesicles Catalyze Cleavage and/or Attachment of Adducts of 
NADH To ATCase?----------------
Whether or not the vesicles catalyze the formation of 290 nm-absorblng 
adducts of NADH, one also wishes to know 1f they catalyze a cleavage and/or 
an attachment of the modified nucleotides to ATCase.
It was clearly shown that considerably more chromophore was found 
1n ATCase when the protein was Incubated with NADH 1n the absence of
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vesicles. This makes it clear that vesicles are not required to catalyze 
this reaction, as was postulated by Flom. It seems likely that the 
primary reason for the lower yield of chromophore when ATCase was incu­
bated with NADH and vesicles is that the vesicles catalyzed rapid conversion 
of NAOH to NAD , thereby lowering the concentration of NADH available 
for adduct formation. It is possible that this interference could mask 
the catalysis of chromophore attachment to ATCase by vesicles, but such 
catalysis would have to be quite slow relative to NADH oxidation. Other­
wise, more adduct formation would have been seen, not less. It, therefore 
seems unlikely that the vesicles catalyze chromophore formation or attachment 
to proteins.
D. The Properties of Chromophore Attached To ATCase
A difference spectrum with a maximum between 286 and 290 nm was con­
sistently observed when ATCase was Incubated In the presence of NADH and phosphate 
at pH 6.6 and Its absorbance was blanked against protein which had been 
similarly treated substituting NAD* for NADH. I have put forward the 
hypothesis that difference spectral absorbance at 290 nm was due to ab­
sorbance by a modified nicotinamide ring bound to the protein. The lack 
of absorbance (1n most cases) at 340 nm indicated that unmodified nico­
tinamide rings of NADH were not bound to the protein. Similarly, the 
lack of absorbance at 260 nm could mean that the adenine moieties of NADH 
adducts were not bound to the protein. This, however, Is not necessarily 
the case. If Intact pyridine nucleotide coenzymes were bound to ATCase 
In essentially equal a.nounts 1n both the NADH-1ncubated sample and the NAD+- 
Incubated control, absorbance at 260 nm would be blanked out In the 
difference spectra. In numerous cases I observed that the difference 
spectral absorbance at and below 260 nm either was below the baseline 
or somewhat above It. This "mismatch" of protein concentration may have
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been 1n fact due to differences in the extent of binding of adenine 
rings (or, more likely, of the entire nucleotides of which they are 
part) to the protein 1n the sample and the control. Such differential 
binding of NAD* and NADH (and its modification products) would form the 
basis for another interpretation of the broadening of the difference 
absorbance peak of lysozyme a^.er incubation with NADH (Figure 7) 
as well as the occurrence of Its maximal absorbance at 277 nm.
It 1s possible that the difference spectrum seen was the result of a 
superposition c' a 286 to 290 nm absorbance caused by a modified n1cot1n< 
amide ring of N/.DH and a 260 nm absorbance caused by the adenine rings 
of the same nucleotide, which was not blanked out by the binding of an 
equivalent.amount of NAD .
The possibility that the Intact nucleotides of both NADH (whether 
1n Its modified or native form) and NAD* might be bound to the protein 
was Investigated with radloactlvely labeled nucleotides as described In 
Results. The results of these experiments suggested that both adenine 
and nicotinamide rings of these nucleotides were bound to both NAO*- 
and NADH-treated protein. The results further suggested that NADH 1s 
more extensively bound than NAD*. A perplexing result, however, 
was that nicotinamide rings appeared to be more extensively bound than 
were the adenine rings of the same nucleotide. This result, 1f 1t Is 
correct, Implies that a cleavage of the nucleotide takes place, either 
before 1t 1s bound to the protein or during binding. I feel that 
additional, well controlled experiments with labeled pyridine nucleotides 
are required before such a conclusion can be established. It Is possible 
that the degree of nucleotide binding differed substantially from sample 
to sample 1n my experiments, although I cannot Identify a reason for 
such variation.
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Some of n\y data suggest that there may be more than one type of binding 
or association of the nucleotides to ATCase. The early experiments, in 
which the Incubation mixtures were passed over a Sephadex G-25 column 
prior to dialysis, gave milllmolar extinction coefficients of 35 per ATCase 
subunit. This absorbance was not significantly lost on subsequent dialysis. 
In later experiments, these Sephadex column separations were omitted, 
because their primary purpose (as 1t was seen at the time) was to separate 
unwanted vesicle contaminants from the ATCase. Since vesicles were 
eliminated from later Inactivation protocols, simple dialysis was used 
to separate the "unbound" nucleotides from the protein. At this point 
very large (1n excess of 150 milllmolar) extinction coefficients at 
286 nm were seen. In the original experiments difference absorbance 
maxima at exactly 290 nm were observed. Their shapes were essentially 
Lorentzlan (see Figures 5 and 6). In the case of the samples incubated 
without vesicles, the spectrum gave the milllmolar extinction coefficient 
of 35 already mentioned. This chromophore was not removed by dialysis 
over the next 24 h against three changes of Tr1s-C1 buffer, pH 8.1, 
although some chromophore was lost during dialysis over the next 24 h 
1n 6 M GuHCl, which was at a pH of 5.5. In all cases where the protein 
bearing chromophore was dialyzed against 100 mM phosphate buffers at pH 
6.6 and where no Sephadex G-25 column was run, absorbance maxima after 24 
h of dialysis were at 286 nm. Peak shapes in these cases were variable, 
and the milllmolar extinction coefficients were variable, although always 
1n excess of 35. When additional dialysis time was Included 1n these 
procedures, the milllmolar extinction coefficients usually dropped to the 
30 to 45 range, and then more slowly to zero. This behavior seemed to 
be fairly independent of the type of buffer used, although no buffer 
with a pH In excess of 7.0 was ever used 1n these dialysis procedures
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(Trls-Cl, pH 8.1 was used only for the dialysis of the material run across 
the Sephadex G-25 columns).
The possibility exists that there are two types of association 
of pyridine nucleotides to ATCase being seen here. The first is not 
specific and involves the loose association of either modified or unmodified 
intact NADH nucleotides, as well as the association of Intact NAD* 
nucleotides in the control solutions. The second may Involve only the 
nicotinamide ring of modified NADH molecules absorbing at 290 nm. These 
species would appear to be more tightly bound to two or three sites per 
ATCase subunit. The bond which holds them to the ATCase can also be 
broken, though with somewhat more difficulty than that of the non-specific, 
looser associations. It may be that this 1s a labile covalent bond, which 
1s broken by slow hydrolysis at pH below 7. This would be consistent with 
the available data, and would explain some of the curious results seen in 
attempting to characterize the binding as a single type of event.
E. The Physiological Significance of These Phenomena
It 1s clear that Flom's model of the modification and subsequent 
attachment of all or part of an NADH molecule to ATCase, as a marking 
event prior to proteolysis, 1s not supported by my data. The unphyslologlcally 
high concentration of NAOH needed, the lack of observable enzymatic catalysis 
of the events, and the rapid oxidation of NADH to NAD* by the vesicles 
are all Inconsistent with a physiologically Important means of Inactivation.
Two additional factors argue strongly against this being a "marking" 
event for a specific proteolysis. First, the attachment of the modified 
nucleotides was not specific to ATCase but occurred with other proteins 
as well. Second, the lack of a consistent extinction coefficient, which 
shows that there 1s not a constant amount of modified NADH species binding 
per subunit of ATCase, argues against a specific marking event that creates
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a consistent site, recognizable by a protease. It has not been proven
that enzymes catalyzing the formation of modified species of NAOH or the
binding of such species to specific sites on the protein do not exist
in vivo. However, no clear evidence for their existence was found
in the course of this work.
F. Suggestions For Additional Experiments
An additional experiment that would be helpful 1n elucidating the
event or events that give rise to the modification of ATCase is as
follows. The Incubation of a mixture of [n1cot1nam1de-4- HlNADH
and [adenl ne-ll- ClNADH with ATCase 1n the same sample of 100 mM KP1,
pH 6.6 would be carried out for 6 h (as would the incubation of the
correspondingly labeled NAD* controls). These mixtures should then be
Immediately passed over a small Sephadex G-25 column. Aliquots of
the pooled fractions containing the ATCase would be counted to determine
14 3
the specific radioactivity of the labeled enzyme in both Cand H.
Sample and control solutions would then be divided and dialyzed over 48 
to 72 h against either 100 mM phosphate buffer, pH 6.6 or 100 mM Tr1s- 
Cl, pH 8.1 with aliquots being removed every 4 h for counting of remaining 
radioactivity. This experiment could address the apparent discrepancies 
seen 1n my work 1n the ratio of nicotinamide moieties bound to adenine 
moieties bound. In this protocol both the adenine-labeled NADH (and MAD*) 
and the n1cotlnam1de-1abeH4 NADH (and NAD*) mould be subletted to identical 
conditions; hence measurement at the extant to which each eaiety was 
bound could be treated with greater confidence. This experiment should 
clarify whether the entire nucleotide has bean bound or whether a 
cleavage has occurred, allowing differential binding of nicotinamide and 
adenine. Furthermore, dlalyting this material against IDO mM phosphate
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at pH 6.6 and against 100 mM Tris, pH 8.1 separately would permit one to 
check for differences in the rate of loss of label from ATCase during 
dialysis against the respective buffers. The result of this procedure 
could provide some insight into the nature of the nucleotide-ATCase 
bond.
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